Extracellular soluble signals are known to play a critical role in maintaining neuronal function and homeostasis in the CNS. However, the CNS is also composed of extracellular matrix macromolecules and glia support cells, and the contribution of the physical attributes of these components in maintenance and regulation of neuronal function is not well understood. Because these components possess well-defined topography, we theorize a role for topography in neuronal development and we demonstrate that survival and function of hippocampal neurons and differentiation of telencephalic neural stem cells is modulated by nanoroughness. At roughnesses corresponding to that of healthy astrocytes, hippocampal neurons dissociated and survived independent from astrocytes and showed superior functional traits (increased polarity and calcium flux). Furthermore, telencephalic neural stem cells differentiated into neurons even under exogenous signals that favor astrocytic differentiation. The decoupling of neurons from astrocytes seemed to be triggered by changes to astrocyte apical-surface topography in response to nanoroughness. Blocking signaling through mechanosensing cation channels using GsMTx4 negated the ability of neurons to sense the nanoroughness and promoted decoupling of neurons from astrocytes, thus providing direct evidence for the role of nanotopography in neuron-astrocyte interactions. We extrapolate the role of topography to neurodegenerative conditions and show that regions of amyloid plaque buildup in brain tissue of Alzheimer's patients are accompanied by detrimental changes in tissue roughness. These findings suggest a role for astrocyte and ECM-induced topographical changes in neuronal pathologies and provide new insights for developing therapeutic targets and engineering of neural biomaterials. mechanotransduction | stretch-activated channels | FAM38A | Piezo-1 | polarization
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mechanotransduction | stretch-activated channels | FAM38A | Piezo-1 | polarization C ellular homeostasis in the brain tissue is believed to be regulated primarily by a complex spatiotemporal signaling environment involving soluble neurotrophic factors (1, 2) . These factors, including neurotrophins such as brain-derived neurotrophic factor, the TGF-β family including bone morphogenetic proteins (BMPs), and the IL-6 superfamily including ciliary neurotrophic factor (CNTF), regulate survival, steer progenitor fate decision, and critically affect the development of the nervous system as well as the homeostasis of the adult CNS (3) (4) (5) (6) . However, developmental processes such as axon pathfinding, synapse formation, nervous system patterning, neuronal plasticity, and degeneration fail to be explained solely on the basis of soluble factors. There is increasing evidence that physical variables such as the stiffness of a cellular environment influence cell development (7) (8) (9) (10) (11) (12) . However, the cells of the brain tissue reside in a soft environment that is rich in polysaccharides (13, 14) . In the context of neuronal development and neurophysiology, astrocytes have an established role in maintaining neuronal function. They form a vast network that provides the physical and biochemical matrix over which neurons thrive and function (15, 16) . The plasticity found in the brain can be attributed in part to the morphological changes that occur in astrocyte processes that can not only alter the geometry of the neuronal environment but also induce dynamic changes in astrocyte-neuron interactions affecting neurotransmission, signal gradients, and the relationship between synapses (15). Interestingly, the changes to the physical aspects of a neuronal environment can originate from changes to morphology of support cells such as astrocytes and also changes to ECM structure and properties. Cells and ECM polysaccharides play an important role in growth, differentiation, and migration of neural precursors, as well as in repair and plasticity in the central nervous system (17, 18) . However, in addition to a biological function, cells and macromolecules provide a physically defined environment (19, 20) , and we postulate a significant role for topography in neural development. Studies to date have focused on the effects of microscale topography, deterministic roughness, and substrate chemistry on neurite outgrowth and neuronal function (7, (21) (22) (23) . However, the influence of ECM-like nanotopography on neuronal development and fate is a realm that has not been investigated thus far. Therefore, in this work we specifically focus on the impact of stochastic nanoroughness as would be provided by neighboring cells and ECM molecules on neuronal cell interactions, function, and differentiation.
Significance
The role of soluble signals in neural differentiation and neurodegeneration is well established. However, the impact of nanotopography imposed by macromolecules within brain tissue on neuronal function and pathologies is not fully appreciated. We have discovered that nanoroughness can modulate the function of hippocampal neurons and their relationship with astrocytes. Inhibition of mechanosensing cation channels including Piezo-1, whose distribution is altered by nanotopography, abrogates the effects imposed by nanotopography and the association of neurons with astrocytes. The finding that regions of amyloid plaque buildup in Alzheimer's involve changes to tissue nanoroughness provides a link between nanoscale physical cues and loss of function in neurons and may have implications in uncovering the factors that promote neurodegenerative diseases. Because macromolecules are in a state of high entropy, and entropy is a statistical measure of randomness, the roughness presented by macromolecules is expected to be stochastic (random). We simulated random ECM nanoroughness using an assembly of monodispersed silica colloids of increasing size (10, 24) (Fig. 1A) . The roughness in this system scales logarithmically with nanoparticle radius and can recapitulate topography from the level of receptor clusters to ECM features (25) and further allows the production of surfaces with stochastic nanoroughness (surface kurtosis ≤3, Table S1 ). In contrast, surfaces consisting of periodic grooves and ridges that have been extensively studied present deterministic roughness. As a first step we investigated the ability of PC-12 cells (26), a well-established model system for studying neuronal differentiation, to perceive stochastic nanoroughness and analyzed changes to their morphology and function. PC-12 cells are indeed able to perceive the underlying nanoroughness but in an NGF-and collagen-dependent manner (Fig. S1 ) and, more importantly, showed an increased differentiation and associated functional traits on a specific R q of ∼32 nm as evident from a highly polarized cell morphology (Fig.  1B , Middle) and associated changes such as fewer and longer neurite outgrowths ( Fig. 1 C and D) compared with glass, which is considered a smooth substrate (R q ∼3.5 nm, Fig. 1B , Left). Beyond this optimal substrate roughness cells were more prone to clumping (Fig. 1B, Right) . Such a loss in neuronal polarity and clumping has also been observed by Brunetti et al. (7) in SH-SY5Y cells grown on gold surfaces with high prescribed nanoroughness. One measure of the functional state of a neuron is the activity of acetylcholinesterase (AChE), because this is necessary for synaptic communication. Interestingly, AChE levels also peaked in PC-12 cells on 32-nm R q surfaces (Fig. 1E) , which also coincided with an accelerated and elevated calcium response to depolarization (Fig. 1 F and G) .
Nanotopography Mediates Hippocampal Neuron-Astrocyte Interaction.
We then posed the following question: Can neuronal cells in general perceive nanoroughness, and if so does it have a role in defining their interaction and function? Hippocampal neurons are responsible for memory formation. Loss of their function and death has been linked to neuropathologies such as Alzheimer's. We therefore evaluated the response of mixed primary cultures of rat hippocampal neurons and astrocytes to the different roughness regimes. Surprisingly, primary hippocampal neurons also responded to roughness in a manner similar to dopaminergic PC-12 and exhibited prominent, axon-like polarized structures on exactly the same R q of 32 nm (Fig. S2) . A more remarkable finding was that nanoroughness seemed to modulate the relationship and dependency of neurons on astrocytes. It is well established that neurons require astrocytes for survival (27) and, indeed, on surfaces with an R q above and below 32 nm neurons were predominantly found associated with astrocytes ( Fig. 2 A and C) . However, on R q of ∼32 nm neurons were dissociated from astrocytes ( Fig. 2 B and C) and continued to survive independently even up to 6 wk ( Fig. 2D ). After 5 d, the percentage of neurons that were associated with astrocytes on the 32-nm R q surface was around 15%, which was 1.5-to twofold lower than those on other R q s, which ranged from 20-40%, and sixfold lower than that on the smooth glass substrate (Fig. 2C ). That is, in comparison with the other R q s, over twice as many neurons on the 32-nm R q surface were surviving independently of astrocytes. Because the isolation procedure yields a mixture of hippocampal neurons and astrocytes, differences in cell density might be a contributing factor. Analysis of the astrocyte and neuron density at day 5 showed no significant differences in density and population distribution between glass and 32-nm R q surfaces, indicating that the observed effects cannot be attributed to cell density and population variations (Fig. S3) . At 6 wk, however, the percentage of neurons that were surviving independently of astrocytes on the 32-nm R q was over sixfold greater in comparison with the other R q s. Whereas over 90% of neurons were associated with astrocytes on other roughnesses, only 15% of neurons were associated with astrocytes on the 32-nm R q (Fig. 2D) . Remarkably, hippocampal neurons on 32-nm R q surfaces, despite being dissociated from astrocytes, showed an order of magnitude faster and stronger increase in intracellular calcium levels following membrane depolarization in comparison with those on smooth surfaces ( Fig. 2 E and F) . So, there seemed to be a favorable R q of around 32 nm at which both PC-12 and hippocampal neurons seemed to be more functional.
Mechanosensing Ion Channels Including Piezo-1 Are Responsible for the Sensing of Nanoscale Physical Cues by Neurons. Past studies showed that stochastic nanoroughness altered the organization of focal adhesion complexes in highly migratory preosteoblasts and endothelial cells (24) . Because neurons have limited migratory capacity (28), a critical open question was how neurons perceive nanoroughness. Scanning electron micrographs revealed that the neurites indeed make intimate contact with the underlying topography (Fig. 3A) . Such intimate contact between the neurites and the surface ought to manifest itself as changes in membrane tension. Because the conformation and distribution of mechanosensitive ion channels are altered in response to changes in membrane tension and curvature (29-31), we probed the expression pattern of FAM38A, an integrin-activated transmembrane protein that is part of the mechanosensitive ion channel Piezo-1 (32) . Piezo-1 is expressed by CNS neurons and not by sensory neurons such as dorsal root ganglia (DRGs) (33) . It was observed that whereas FAM38A expression in PC-12 cells on glass was predominantly localized at neurite branch points, which would be a region of high cytoskeletal tension (Fig. 3B ), in contrast a more uniform distribution of FAM38A could be seen on the optimal R q of 32 nm, suggesting a dramatic change to the mechanical environment of the neurites as they perceive the nanoroughness (Fig. 3C) . Because FAM38A expression level was not altered (Fig. S4) , and PC-12 during differentiation did not show any changes in attachment force (Fig. S5) or motility ( Fig.  S6 ) in response to nanoroughness, the observed changes to the Piezo-1 expression pattern can be linked to the underlying nanotopography. In contrast to CNS neurons, DRGs do not express Piezo-1 but express other stretch-activated cation channels (SACs) such as Piezo-2, TRPC1, and TRCP6. Interestingly, DRGs do not show any morphological changes on nanoroughness substrates (Fig. 3 D and E) , and nanotopography has no effect on calcium influx and depolarization patterns (Fig. 3 F  and G) . Therefore, this suggests a prominent role for Piezo-1 in sensing nanotopography.
Neuron-Astrocyte Interactions Involve Topographical Cues Provided by Astrocytes and SACs. As indicated earlier, primary hippocampal neurons require interaction with astrocytes for their survival (27) . This raised the question of why the neurons favor the surface over association with the astrocytes. Atomic force microscopy (AFM) analysis of the surface of astrocytes associated with neurons led us to the remarkable finding that the roughness of the astrocyte surface was around an R q of 26-28 nm (see Fig.  5D ) and this coincides rather well with the roughness regime on which neurons exhibit decoupling from astrocytes. A role of mechanotransduction in maintaining neuron-astrocyte interactions is further supported by our findings that inhibition of signaling through SACs (Piezo-1, TRPC1, and TRPC 6) using GsMTx4, a peptide extracted from spider venom (34, 35) , promotes decoupling of neurons from astrocytes even on smooth glass substrates (Fig. 3 H and I) where they normally show strong association (Fig. 2 A, C, and D) . Furthermore, the increased sensitivity to depolarization that was observed in hippocampal neurons on R q of 32 nm is lost upon inhibition of SACs (Fig. 3 J and K). To specifically delineate the role of Piezo-1, an siRNA knockdown of FAM38 RNA expression was undertaken in hippocampal neuron/astrocyte mixed cultures, because astrocytes and hippocampal neurons cannot be easily separated. Surprisingly, Piezo-1 knockdown at >60% mRNA levels was lethal to astrocytes but not to neurons (Fig. S7) . Death of astrocytes could be attributed to Piezo-1 knockdown and not to toxicity owing to transfection agent or siRNA, because nontarget siRNA and transfection agent alone were not lethal to astrocytes. This provides direct evidence for the role of nanotopography in influencing hippocampal neuron-astrocyte interaction and function through mechanotransduction via SACs. neural progenitor cell differentiation and lineage commitment as well. To answer this we followed the spontaneous and soluble signal-induced lineage commitment of telencephalic neural stems cells (NSCs) from embryonic rats (embryonic day 15.5) (36) on various R q regimes. These NSCs remain undifferentiated in the presence of FGF2, whereas withdrawal of this factor leads to spontaneous differentiation where a majority of the cells become astrocytes (37, 38) . After 7 d in culture, on the preferred R q of 32 nm and additionally on an R q of 16 nm, a 10-to 20-fold greater number of NSCs showed spontaneous differentiation to neurons, as assessed by positive staining for MAP-2, a marker for postmitotic neurons (Fig. 4 A and B) . However, more remarkably, even upon exposure to CNTF, which under this condition is known to promote differentiation of NSCs to astrocytes, after 2 d a twofold increase in NSCs positive for the neuron-specific class III β-tubulin (TuJ1 antibody), an early marker for commitment to neuronal phenotype, was observed on the R q s of 32 nm and 16 nm (Fig. 4 C  and D) . The stimulus provided by CNTF, therefore, seemed to compete with that provided by the nanoroughness. The localization of MAP-2 primarily occurred around the nucleus like a cap, with nascent neurite outgrowths also staining positive for MAP-2. This is consistent with the process of maturation of neuronal progenitors into neurons. However, exposure to BMP4/Wnt3a, which increases the efficiency of neuronal differentiation of NSCs (36), resulted in no qualitative differences between NSCs on the various R q s and glass and tissue culture polystyrene (TCPS) controls (Fig. S8) . These results suggest an essential modulatory role for nanoroughness in combination with soluble signals. Interestingly, once again there seemed to be a favored regime of R q (16-32 nm), bounded by roughnesses that did not favor neuronal differentiation.
Nanoroughness Alters Apical Roughness of Healthy Astrocytes. It is becoming evident that astrocytes, in addition to providing soluble survival factors to neurons, may also be critical in providing physical cues that are necessary for neuron function and survival. The decoupling of the hippocampal neurons from the astrocytes on surfaces with R q of 32 nm can be linked to fundamental changes that take place in the astrocytes on these surfaces. We observed that on R q of 32 nm, in addition to assuming a more migratory phenotype (Fig. S9) , which was confirmed by a decrease in the astrocyte form factor (Fig. 5A) , the roughness of the astrocyte surface is significantly increased from an R q 26-30 nm on smooth surfaces (Fig. 5 B and D) to an R q of 68-72 nm on a 32-nm rough surface ( Fig. 5 C and D) . This finding provides a direct link between the physical properties of the cell surface and underlying substrate roughness. Because we observed that R q s greater than 60 nm promoted neuronal cell death, one might suggest that the decoupling of the neuron-astrocyte interaction on 32-nm R q may be a driven by the unfavorable changes to the physical environment provided by the astrocytes, thus implying that healthy astrocytes have both a neuroprotective (i.e., they secrete neurotrophic factors) and a more critical structural support role that is necessary for neuronal survival and differentiation. This conclusion is also consistent with our current observation that inhibition mechanosensing eliminates association of neurons and astrocytes, and an earlier observation that astrocytes possess different surface topographies depending on whether they are permissive or nonpermissive to neuronal growth (39) . These observations in sum suggest a role for nanotopography in modulating the membrane tension in neurites, which in turn can lead to alterations in intracellular signaling pathways and a change in the functional state of the neuron.
Regions of Amyloid Plaque Buildup in Alzheimer's Present Increased
Tissue Nanoroughness. Our observation that the topography of astrocytes, support cells for neurons, can dictate the function of the phenotypically unrelated neurons points to a larger paradigm wherein physical and mechanical information provided by astrocytes and ECM macromolecules play a role not only in neuronal development but also in neuropathologies. There is ample evidence that the loss of memory associated with Alzheimer's disease (AD) is due to the death of hippocampal neurons. Chondroitin sulfate proteoglycans (CSPGs) have been implicated both in neural differentiation and neuropathologies such as Alzheimer's (17) . CSPGs have been found to colocalize with amyloid-β plaques, and in vitro studies have shown that CSPGs can promote amyloid-β fibril assembly, a key step in plaque formation. Interestingly, amyloid-β stimulates CSPG production in astrocytes, which has negative effects on neuronal health and synapse formation. This is consistent with reports that neuronal differentiation is inhibited when neurons are exposed to amyloid-β (40) . It has been demonstrated that changes to CSPG structure through sulfation can alter its function and role in neural differentiation (18) . We have recently shown that the secondary structure of polysaccharides can be dramatically altered through a simple oxidative modification of the backbone, and this is accompanied by changes to nanotopography and macromolecular organization (41) . It is thus plausible that changes to the functional role of CSPGs upon sulfation or other oxidative chemistries are a result of changes to their secondary structures and topography. This prompted us to theorize that the loss of hippocampal neuron function in Alzheimer's may be triggered by changes to the topography that the neurons experience. To investigate this premise further, we analyzed the topographical characteristics of amyloid-β plaques in the hippocampus of human brain slices using AFM (Fig. 5E ). We made a compelling observation that whereas the R q of healthy brain tissue (AD − ) showed a Gaussian distribution with a median centered around 34 nm, the tissue of individuals diagnosed with Alzheimer's (AD + ) showed a bimodal distribution of tissue roughness with a pronounced shift in the median toward higher R q values of 60 nm accompanied by a more heterogeneous R q pattern (Fig.  5F ). The emergence of R q values greater than 80 nm, which is the range of R q where we observe increased neuronal cell death, is in accordance with published reports that neurons when exposed to amyloid-β undergo apoptosis (40, 42) . Our earlier findings that cell shape can be affected by nanoroughness (10) and our current observation that astrocyte shape is affected by nanoroughness provide evidence that cell signaling in the neuronal environment may be additionally mediated by ECM-based cues.
The effects of stochastic nanoroughness on neuronal health can manifest itself in two possible scenarios: (i) The changes to tissue roughness affect glial cell behavior, which then instigates changes to the neuron signaling environment, and/or (ii) the changes to the tissue roughness alter the way neurons and glial cells perceive their physical environment. Dynamic changes to astrocyte-neuron interaction mediated by changes to distal astrocytic processes are known to influence neuron-astrocyte plasticity (15) . Although astrocytes are generally stationary cells that provide a supportive network for neuronal cells and synapses, migratory and proliferating astrocytes have been observed in glial scarring, an environment with diminished neuronal function (43, 44) . In this study, an altered cellular environment in the form of nanotopography was shown to affect astrocyte biophysical attributes (shape and roughness) so as to alter their interaction with neurons. However, strong evidence for the second scenario is derived from a recent study by Satoh et al. (45) that showed that hMib (a synonym for Piezo-1) is transcriptionally induced in activated astrocytes associated with senile amyloid-β plaques in AD + human brains. Interestingly, neurons that express hMib show damaged morphology whereas healthy-looking neurons do not express hMib. The ability to sense the changes to astrocyte topography induced by tissue roughness may have triggered undesirable changes in hMib + neurons. Conversely, the inability to sense the mechanical cues provided by the astrocytes may play a role in the loss of function in the hMib − neurons. Because healthy neurons are hMib + , loss of this marker may additionally play a role in the functional deficiency associated with Alzheimer's. In sum, the key findings of this study provide evidence for the hitherto unexplored role for ECM and glial cell-associated changes to stochastic nanoroughness in neurodevelopment and neuropathologies. These new insights should prove valuable in the development of new therapeutic targets and design principles for engineering materials and interfaces for neural interfacing.
Materials and Methods
Substrate Preparation. Silica (SiO 2 ) nanoparticles were synthesized by the Stöber process as described earlier (46) . By changing the amount of ammonia, water, and tetraethylorthosilicate (TEOS; Sigma) in the reaction the particle diameter could be controlled. Successful silica nanoparticle (SNP) synthesis was confirmed by dynamic light scattering with the particle analyzer DelsaNano C equipped with the DelsaNano Software V3.73/2.3 (Beckman Coulter Inc.). Following spin-coating of the particles onto clean glass slides and a drying period of 12 h at 200°C substrates were characterized by AFM (as described later) to ensure the correct surface roughness. For cell culture experiments, SNP modified substrates from eight independent nanoparticle preparations were used at least in duplicate. (Regierungspräsidium Freiburg Az: 35/9185.81/X-11/05S) and by Stockholms Norra Djurförsöksetiskanämnd (ethical permit N284/11). PC-12 cells were obtained from the American Type Culture Collection (CRL-1721) and cultured in suspension in RPMI media supplemented with 10% (vol/vol) horse serum and 5% (vol/vol) FBS in a humidified incubator at 37°C. Differentiation was induced by seeding cells onto collagen IV-coated substrates in media supplemented with 1% horse serum and 100 ng/mL NGF (R&D Systems). For primary hippocampus cultures, newborn Wistar rats (postnatal days 1-3) were killed by decapitation. The hippocampi were isolated followed by a trypsin digestion and mechanical dissociation. If not stated differently, cells were seeded as 7.5 × 10 4 cells/cm 2 . After 12 h media was changed for serum-free neurobasal media supplemented with B27 and glutamine and further cultured for 5 d in a humidified incubator at 37°C and 8% CO 2 before analysis. For dorsal root ganglia cell culture, Wistar rats (postnatal days 10-15) were killed by CO 2 intoxication following isoflurane anesthesia. Spines were removed and cleaned of connective tissue and muscles. After opening the spines along the acanthi and opposite along the vertebral bodies, dorsal root ganglia were isolated, freed of nerve fibers, and collected in ice-cold PBS. To obtain a single-cell suspension, ganglia were incubated in collagenase (end concentration 20 μg/mL) and trypsin for 20 min at 37°C followed by mechanical dissociation and several washing steps. For cell culture, 5 × 10 4 cells/cm 2 were seeded in α-MEM media containing 15% FBS, 1% penicillin/streptomycin, and 5 ng/mL NGF and cultures were maintained in a humidified incubator at 37°C and 5% CO 2 . For telencephalic stem cells, timed pregnant Wistar rats (embryonic day 15.5) were killed by CO 2 intoxication. Embryos were removed and the cortices isolated and collected in Hank's solution. Following mechanical dissociation, cells were seeded onto polylysine-coated Petri dishes in N2 media supplemented with 10 ng/mL FGF2. Media was changes daily until the culture was 90% confluent. For differentiation experiments, cells were detached with Hank's solution and 10 5 cells were seeded onto the respective polylysine-coated substrates in N2 media containing 10 ng/mL FGF2. The following day, media was changed to N2 media containing CNTF (10 ng/mL), BMP4 + Wnt3 (both 10 ng/mL), or no growth factors. Differentiation cultures were maintained for 48 h (CNTF differentiation) or 7 d (BMP4 + Wnt3 and spontaneous differentiation) before analysis.
Piezo-1 Inhibition Studies. The stretch-activated ion channel Piezo-1 was inhibited with the peptidyl toxin GsMTx4 (5 μM) isolated from the Grammostola rosea tarantula venom.
Immunocytochemistry. For a discussion of morphological analysis, calciumsensitive imaging, acetylcholinesterase activity measurement, and immunohistochemistry of AD slices see SI Materials and Methods.
